Abstract:
INTRODUCTION

53
The goal of treatment in epilepsy is seizure freedom. However, the benefits of interictal in ICNs compared to controls (e.g. Ibrahim et al., 2014b ) may be related to IEDs. Simultaneous 87 measurements of electrophysiology and fMRI allow the measurement of the impact of IEDs on 88 these connectivity differences. This is also important because differences between fMRI and 89 electrophysiology connectivity measurements have been shown in epilepsy (Bettus et al., 2011) . ). An interesting alternative to the resting state for producing connectivity in networks 105 similar to certain ICNs is a natural stimulus paradigm (e.g. watching movies, TV shows, etc.).
106
These stimuli have been shown to produce highly reliable responses across subjects (Hasson et The aim of the current study was to provide a detailed investigation on the impact of IEDs in To test these hypotheses we performed simultaneous EEG-fMRI to measure connectivity within
124
ICNs in a large group of focal paediatric epilepsy patients and age matched controls. Uniquely,
125
we used a low-demand natural stimulus to modulate connectivity in networks similar to ICNs 126 found in RS-fMRI. This approach was aimed at reducing motion and vigilance variability that 127 can confound the comparison of different groups using resting state fMRI. We therefore 128 additionally tested the response of the patient and control group to the task to define the 129 networks, and evaluated if this response was modulated by IEDs.
7 sessions (12 subjects), and one subject was excluded due to a technical problem with the RF 139 head coil. Patients with focal cortical dysplasia or cortical abnormalities circumscribed to a 140 region within a lobe were included. After which 27 patients remained (see Table I Products, Gilching, Germany). EEG data were band-pass filtered at 0.016Hz-1 kHz, 16-bit 159 digitalization (0.05µV resolution) and the sampling rate was 5 kHz. Data Processing:
192
EEG data
193
EEG data were corrected offline for scanner and pulse related artefacts using template artefact Where is the identity matrix, is the design matrix, and − denotes the pseudo inverse of .
219
Statistical Analysis:
220
The statistical analysis consisted of: 1) a general linear model (GLM) used to define the 221 networks activated by the task within and between groups (patients and controls). 2) Seeds were 222 defined for the connectivity analysis based on group differences from analysis step '1'. 3) Seed-
223
to-voxel connectivity analysis was performed within and between groups (patients and controls). 4) Analysis steps '1' and '3' were repeated controlling for the effects of IEDs (see Fig. 2 ). two patients to account for missing IQ data (see Table I ). The method used for imputation was projection of the data with the effect of IEDs removed (see Fig. 2 ). Positive contrasts of a 321 bivariate correlation were used in comparing the source ROI to every other voxel in the brain.
322
The band-pass filter was set at 0.00125 and 0.09 (Hz). Results were thresholded at p<0.05 FWE 323 correction (matching the GLM threshold).
325
Intra-network (voxels within the network that the seed belonged to) and inter-network (voxels 326 from outside the network that the seed belonged to) connectivity differences were assessed at the 327 group level between patients and controls using a voxel-wise t-test. A paired t-test was 328 performed voxel-wise between the patient functional connectivity maps controlling and not 329 controlling for IEDs. This approach was repeated for both middle cingulate and right fusiform 330 seeds both for intra-network and inter-network connectivity. regions also included the insula, putamen, piriform cortex, and the posterior cingulate (see Fig. 3 358 first row in red, and Supplementary Table II ). There was a significantly greater number of voxels and a higher t-score at cluster 377 peaks in the controls compared to patients (controls>patients, Fig. 3 third row blue regions, and without controlling for the effects of interictal activity on the connectivity (see Fig. 4 ). Note the 413 contribution of the response to the task is modelled as a confound and so was effectively gyrus (see Table II and Fig. 4 third row in red). When accounting for the effect of interictal 425 activity on connectivity there were no differences between groups within the attentional network
426
(see Table II connectivity was deceased compared to controls in the right inferior occipital region (see Table   436 III, and interictal activity on the connectivity was accounted for there were no connectivity differences 438 between patients and controls within the visual network (see Table III and Fig. 4 fourth row) .
439
There were no significant regions of altered inter-network connectivity from the right fusiform The IEDs were associated with reduced intra-network connectivity for both the middle cingulate The natural stimulus elicited brain activity from two networks: 1) the attentional network 481 comprised of the parietal and prefrontal regions, which was more active in the wait condition
482
and is traditionally associated with active maintenance. Our map is most like that of Seeley et al.
483
(see Supplementary Tables IV-IX) These responses to the stimulus were reduced in the patients with epilepsy (see Fig. 3 ). However Our primary hypothesis was that we would find a reduction in connectivity within ICN-like 502 networks in patients with epilepsy; to test this we evaluated the connectivity differences between 503 groups within the attentional and visual networks (see Fig. 4 ). This decreased within network 504 connectivity was found in patients when compared to controls in both the attentional (bilateral 505 dorsal medial prefrontal cortex and the right middle frontal gyrus) and the visual networks (right 506 inferior occipital). Our secondary hypothesis was we would measure connectivity differences 507 between control and epilepsy patients having controlled for the effects of scalp visible IEDs. were accounted for, there were not significant connectivity differences in the patients compared 511 to the control group. Therefore, the transient effects of IEDs had a stronger influence on patient 512 connectivity than was originally hypothesised and no non-transient connectivity changes were 513 found.
515
Importance of IEDs and compromised network connectivity 516 We have shown that even in a task that requires low cognitive demand there are significant population (see Table I ) and consequently can be considered a very general finding. This
537
suggests that there is a common pathway through which IEDs can impact cognitive networks 538 and subsequently performance across focal epilepsy patients with different localisations.
540
Transient and non-transient effects of IEDs
541
Our secondary hypothesis was that we would find evidence for both transient and more non- with epilepsy that were independent of IEDs, is that they were driven by confounding factors.
574
Recent work indicates that vigilance levels have a strong impact on functional connectivity 575 results and epilepsy is frequently associated with sleep problems (Chan et al., 2011 to engage the patients and controls with the aim of reducing differences due to vigilance.
580
Vigilance was monitored in our study using an in-bore camera in most subjects however it is 581 possible that differences in vigilance between our patient and control groups are present.
582
Nevertheless it is expected that the effect of the task reduces vigilance variability compared to 583 that found in resting state studies (Tagliazucchi and Laufs, 2014) . If vigilance were an 584 independent factor unrelated to IEDs that significantly contributed to the group differences 585 found, remaining differences between patient and control groups would have been expected once
586
IEDS were accounted for; none were found (Fig. 4) .
588
We aimed to use a task, a hypothesis and knowledge of concurrent electrophysiology to enable a network it could be identified using a well-defined, statistically robust, model based approach.
594
Following network identification by either method (ICA or a GLM) a similar temporal analysis 595 would need to be performed to identify the impact of IEDs on the connectivity of the network.
596
This would in effect require a very similar approach to that used here. Role of the basal ganglia in maintaining network connectivity 655 The basal ganglia was found to have altered connectivity attributable to IEDs (see Fig. 5 ). Our 656 results also showed that IEDs affected the brain networks active during our task. This is 657 consistent with studies demonstrating that epileptic discharges can affect the networks most that are a first level GLM analysis per subject followed by a second level GLM analysis which 906 characterizes group task responses for controls and patients, and any differences related to 907 pipeline (e.g. IEDs) using a paired t-test between the patients' task responses. Functional 
917
Circled yellow regions indicate seeds later used in the functional connectivity analysis.
918
FC=functional connectivity. Results displayed with a threshold of p<0.05 FWE corrected. 
